Aims/hypothesis The glucagon gene (GCG) encodes several hormones important for energy metabolism: glucagon, oxyntomodulin and glucagon-like peptide (GLP)-1 and -2. Variants in GCG may associate with type 2 diabetes, obesity and/or related metabolic traits. Methods GCG was re-sequenced as a candidate gene in 865 European individuals. Twenty-nine variants were identified. Four variants that were considered to have a likelihood for altered functionality: rs4664447, rs7581952, Ile158Val and Trp169Ter, were genotyped in 17,584 Danes. Results When examined in 5,760 treatment-naive individuals, homozygous carriers of the low frequency (minor allele frequency 2.3%) G allele of rs4664447, predicted to disrupt an essential splice enhancer binding site, had lower levels of fasting plasma glucose (mean ± SD, 4.8 ± 1.2 vs 5.5 ± 0.8 mmol/l, p=0.004); fasting serum insulin (22±14 vs 42±27 pmol/l, p=0.04); glucose-stimulated serum insulin (159±83 vs 290±183 pmol/l, p=0.01) and adult height (165±10 vs 172±9 cm, p=0.0009) compared with A allele carriers. During oral glucose tolerance and hyperglycaemic arginine stimulation tests, the plasma AUC for GLP-1 (730±69 vs 1,334±288 pmol/l×min, p=0.0002) and basal and stimulated levels of serum insulin and plasma glucagon were ∼50% decreased (p<0.001) among three homozygous carriers compared with nine matched wild-type Electronic supplementary material The online version of this article (doi:10.1007/s00125-011-2265-7) contains peer-reviewed but unedited supplementary material, including a list of the GIANT Consortium members, which is available to authorised users.
Introduction
For the past several years most studies of the genetics of obesity and type 2 diabetes have been based on the HapMap resource of sequence variation [1] , forming the basis for genome-wide association studies (GWAS). While HapMap offers good proxies for most common single nucleotide polymorphisms (SNPs) with a frequency above 5%, the coverage rapidly declines for alleles with lower frequency [2] . In order to identify disease-associated low frequency and rare variants, we need to re-sequence the genes or, ideally, the whole genome in thousands of cases and controls. The glucagon gene (GCG) located on chromosome 2q24.2 consists of six exons and encodes several proteins crucial for energy metabolism, i.e. glucagon, glucagon-like peptide (GLP)-1 and −2, and oxyntomodulin [3] . To date no study on large-scale sequencing of GCG has been published. In light of the crucial role of GCG in energy metabolism, we hypothesised that low frequency variants of GCG are associated with diabetes, obesity and/or related metabolic intermediary quantitative traits. Therefore, we performed a large-scale candidate gene study of GCG.
Methods
DNA analysis of GCG Genomic DNA was isolated from human leucocytes using standard methods. Primer3 was used to design primers targeting the coding, exon-intron boundary, and conserved regions of GCG (NCBI: X03991, gi31786). The conserved regions were selected by satisfying: (1) BlastN E-value <1×10 −20 ; (2) length >100 bp; (3) existence of homology sequences at least in two of Bos taurus, Rattus norvegicus, Mus musculus and Gallus gallus. Nine segments were obtained by PCR amplifier, corresponding to six exons (plus the exon-intron boundary) and three conserved regions ( Table 1 ). The amplified samples were subject to multiple direct sequencing using an ABI 3730 platform (Life Technologies, Carlsbad, CA, USA) following the standard protocol advised by the manufacturer. The sequences of the nine fragments were aligned together, and PolyPhred [4] and Consed [5] were employed to detect variants among samples. Variants were considered true when consensus was obtained between multiple repeated sequenced samples. Genotyping of the polymorphisms was performed using KASPar allelic discrimination (KBioscience, Hoddesdon, UK). Discordance between 1,479 random duplicate samples was 0% and the genotyping success rate was >99.5% for all variants. All variants obeyed Hardy-Weinberg equilibrium (p>0.2).
Study population for mutation detection 1. In order to identify low frequency SNPs in the general population, GCG was re-sequenced in 384 randomly selected unrelated middle-aged Danish individuals, 45% men, aged 45±7 years, BMI 26.8±5.0 kg/m 2 , randomly recruited in the Inter99 study [6] ; 35 of these individuals had type 2 diabetes.
2.
In order to identify GCG variants potentially associated with early-onset obesity, GCG was re-sequenced in 289 (157 girls, 132 boys) Czech children and adolescents with early-onset obesity aged 1-18 years. Early-onset obesity was defined as obesity observed before the age of 11 years and with BMI (kilograms per square metre), retrospectively evaluated, exceeding the 97th percentile for sex and age according to Czech national references.
The mean age at obesity onset was 4.9±3.1 years (range 0.5-11.0 years) [7] .
3. In order to identify GCG variants potentially associated with inheritance of adult-onset obesity and type 2 diabetes, GCG was re-sequenced in 96 (50 women, 46 men) obese Danish individuals, aged 50±15 years, BMI 36.4±5.1 kg/m 2 , all recruited from obese families with type 2 diabetes at Steno Diabetes Center in Copenhagen. 4. In order to identify GCG variants potentially associated with inheritance of early-onset diabetes, GCG was resequenced in 86 Danish and 10 Czech patients (55 Bioinformatics analyses and selection of variants for largescale genotyping Functionality of all identified variants was predicted by FastSNP [8] and ESEFinder [9] . Variants were scored from 1 (low predicted functionality) to 5 (high predicted functionality) ( ) sampled by the Department of General Practice at the University of Aarhus [10] . The ADDITION Denmark screening cohort (ClinicalTrials.gov NCT00237548) includes participants who were recruited via a stepwise strategy based on a risk questionnaire followed by measurements of random blood glucose, HbA 1c , and fasting and OGTT plasma glucose to clinically diagnose diabetes. Study groups 1 and 2 underwent a standard 75 g OGTT, and study group 5 underwent an IVGTT in combination with tolbutamide stimulation as described [11] .
Case-control studies of type 2 diabetes were carried out in 3,778 type 2 diabetes patients (1,820 patients recruited at Steno Diabetes Center, 340 patients from the Inter99 cohort, and 1,618 patients from the Danish ADDITION Study) and 5,043 glucose-tolerant participants (521 individuals recruited at Steno Diabetes Center and 4,522 individuals from Inter99). Studies of quantitative glucose related traits were carried out in treatment-naive individuals from the Inter99 Study, excluding the 340 patients diagnosed with and treated for type 2 diabetes. Case (BMI≥ 30 kg/m 2 )/control (BMI< 25 kg/m 2 ) studies of obesity and studies of quantitative obesity-related traits were performed in the pooled combined study sample of 17,584 Danish individuals.
The actual number of individuals genotyped for each variant is given in the respective tables. There was no overlap between sequenced study samples and genotyped study samples, apart from the 384 randomly selected individuals from the Inter99 Study. Informed written consent was obtained from all individuals before participation. The study was approved by the Ethical Committee of Copenhagen County and was in accordance with the principles of the Helsinki Declaration. Type 2 diabetes was defined according to the WHO recommendations [12] .
Biochemical and anthropometric measures Height and body weight were measured while participants were wearing light indoor clothes and without shoes, and BMI was calculated as weight in kilograms/(height in metres) 2 . Waist circumference was measured in the standing position midway between the iliac crest and the lower costal margin. Blood samples were drawn after a 12 h overnight fast. Plasma glucose was measured by a glucose oxidase method (Granutest; Merck, Darmstadt, Germany) with a detection limit of 0.11 mmol/l and intra-and inter-assay coefficients of variation of <0.8% and <1.4%, respectively. Radioimmunological determination of fully processed glucagon was performed using a specific assay as described [13] . The analytical detection limit was 1 pmol/l and intra-and interassay coefficients of variation were <6% and <15%, respectively. Total plasma GLP-1 was assayed by radioimmunoassay as described previously [14] . The assay has a detection limit of 1 pmol/l and intra-and inter-assay coefficients of variation are <6% and <15%, respectively. Serum insulin [excluding des (31,32) and intact proinsulin] was measured using the AutoDELFIA insulin kit (PerkinElmer, Wallac, Turku, Finland). Total intra-and inter-assay coefficients of variation were <3.2% and 4.5%, respectively. The analytical detection limit was 3 pmol/l.
Methods for additional physiological characterisation of rs4664447 carriers Three participants (two men and one woman, age 50-65 years, BMI 18.6-25.9 kg/m 2 ) who were homozygous carriers of rs4664447 were available for additional phenotype studies. For each carrier, three BMI, age and sex matched controls (wild-type carriers) (nine in total, three women, six men, mean age 54±7 years, mean BMI 24.7±3.3 kg/m 2 ) were invited for additional metabolic characterisation at the Steno Diabetes Center.
Oral glucose tolerance test After an overnight fast, blood samples for measurement of plasma glucose, serum insulin, serum C-peptide, plasma GLP-1 and plasma glucagon were taken prior to a standard 75 g OGTT. Blood sampling was repeated every 15 min until 180 min after the start of the OGTT.
Glucose-dependent arginine stimulation test
The test was performed as described [15] and used to measure the acute insulin and glucagon responses to intravenous arginine injection at the fasting plasma glucose level and at glucose concentrations clamped at 14 and at 25 mmol/l, respectively. After an overnight fast, blood samples for measurement of serum insulin, serum C-peptide, plasma GLP-1, and plasma glucagon were taken prior to arginine injection and eight times during the following 30 min in the fasting state and with glucose concentrations clamped at 14 and at 25 mmol/l, respectively. There was a 2.5 h resting period between the clamps at 14 and at 25 mmol/l of plasma glucose.
Statistical analysis Case-control studies were performed by applying logistic regression including adjustments for sex, age and BMI (for type 2 diabetes analyses) to examine differences in genotype distributions between affected and unaffected individuals. Studies of the Ile158Val variant were calculated for the dominant model (wild-type vs heterozygote+homozygote, where wild-type is the major allele), as it was too rare to calculate the OR for the additive and recessive model. The recessive model (wild-type+ heterozygote vs homozygote), was chosen relevant for the other variants. The additive model was added as a reference in comparison with the studies in large consortia as these only show additive models. To test for quantitative trait differences between genotype groups, a general linear model was used including adjustments for sex, age and BMI when appropriate. We did not find any evidence of population stratification when we applied 39 unlinked markers using the Structure program [16] . Furthermore, we did not detect any evidence of population stratification among the study groups in the data set when adjusting for the first principal component of Eigenstrat analysis among 11,150 individuals on whom we have sufficient SNP data to perform Eigenstrat analysis [17] . Consequently, the study groups were pooled for analysis. The incremental AUC was calculated using the trapezoidal method. Insulinogenic index and HOMA-IR were calculated as described [18] . During the OGTT, the disposition index was calculated as insulinogenic index/HOMA-IR and during the intravenous arginine stimulation test, the disposition index was calculated as acute insulin response to arginine stimulation (0-10 min) (AIR 0-10arginine )/HOMA-IR. Analyses were performed with RGui version 2.8.0 and GraphPad Prism 5. Statistical power estimations of case-control studies were calculated in CaTS power calculator, version 0.02 (www. sph.umich.edu/csg/abecasis/CaTS/index.html) and power estimations of quantitative traits analyses were calculated in PS power and sample size calculation version 3.0.34 (http:// ps-power-and-sample-size-calculation.software.informer. com/download). Taking Bonferroni correction into consideration (which is conservative in this case given the correlation among the traits) leads to a significance level of p=0.0012. Thus, only p values of 0.001 or less were considered significant.
Results
By re-sequencing GCG in 853 Europeans, many of whom had type 2 diabetes or were obese, we identified 29 different variants (Table 1) . Four variants with a considered likelihood for altered functionality: rs4664447, rs7581952, Ile158Val and Trp169Ter were selected for large-scale genotyping in a total of 17,584 Danish individuals and investigated for association with obesity, type 2 diabetes and metabolic traits (Fig. 1) .
rs4664447 was not associated with type 2 diabetes (Table 2) . However, homozygous carriers of the G allele of rs4664447 had lower fasting plasma glucose, lower fasting and oral glucose-stimulated serum insulin, lower insulinogenic index, lower HOMA-IR, higher Matsuda's insulin sensitivity, normal disposition index and shorter adult height compared with A allele carriers when analysed in 5,760 treatment-naive middle-aged individuals from the Inter99 cohort (Table 3) . With four GG carriers and 5756 AA and AG carriers and a difference in fasting mean serum insulin of 20 pmol/l insulin and a standard deviation of 14 we have a statistical power of 82%, p < 0.05. The association with lower fasting plasma glucose was even stronger when the analyses were restricted to the 4,370 glucose-tolerant people of Inter99, (AA, 5.3±0.4+AG, 5.3 ±0.4 vs GG, 4.8±1.1 mmol/l glucose p rec =0.00004, where p rec is the p value for the recessive model). During an OGTT, performed 10 years after the baseline investigation, the AUC for plasma GLP-1 was significantly lower among three homozygous carriers compared with nine matched wild-type carriers (730±69 vs 1,334±288 pmol/l×min, p= 0.0002) (Fig. 2) . During a glucose-dependent arginine stimulation test, performed 10 years after the baseline investigation, the AUCs for fully processed glucagon during fasting and during the clamps at 14 and 25 mmol/l glucose were significantly lower for the three homozygous variant carriers compared with nine matched wild-type carriers (1,013±39 vs 1,865±449 pmol/l×min glucagon, p=0.0004) (Fig. 3) . The AUCs for serum insulin levels were lower during the arginine stimulation test among three homozygous variant carriers compared with nine matched non-carriers (51,831±6,351 vs 76,336±9,249 pmol/l×min, p=0.007) (Fig. 3 and Table 4 ). With three GG carriers and nine matched AA carriers we have a power above 80%, p<0.0005, to detect the differences in insulin, GLP-1 and glucagon levels between the two groups. In our combined study groups, involving 17,582 Danish individuals, homozygous GG carriers of this variant had decreased height and body weight (Table 5) . GCG rs4664447 was not associated with estimates of BMI-defined obesity (ESM Table 1 ). No meta-analysis data according to a recessive genetic model were available from the MetaAnalyses of Glucose and Insulin Related Traits Consortium (MAGIC) [19] . The variant was not associated with fasting plasma glucose (p=0.8), fasting serum insulin (p=0.6) or HOMA-IR (p=0.4) in meta-analysis data from MAGIC [19] analysed in an additive model. The variant failed a cohortspecific quality check in the Diabetes Genetics Replication And Meta-analysis Consortium (DIAGRAM+) [20] analyses. The 158Val variant was associated with a higher risk of type 2 diabetes, OR 1.83 (95% CI 1.05, 3.9), p=0.03 ( Table 2 ). The statistical power with 4,768 controls and 3,641 cases was 80% to detect an OR of 1.83 for this variant (MAF of 0.03%) (CaTS power calculator). Heterozygous carriers of 158Val tended to have lower fasting serum insulin and insulinogenic index (p=0.06), and lower weight (p=0.01) when analysed in 5,795 middle-aged people from Inter99 (Table 6 ). Ile158Val was not associated with measures of BMI-defined obesity (ESM Table 1 ). We were unable to associate the 158Val variant with type 2 diabetes in DIAGRAM+ [20] , since this variant was not genotyped or imputed in DIAGRAM+ [20] . There were, however, no significant differences in functional receptor analyses and in intestinotrophic effect analyses between the actions of wild-type GLP-2 and [Ile158Val]-GLP-2 (ESM Fig. 1 , ESM Table 2 and ESM Methods).
GCG rs7581952 was not associated with BMI-defined obesity when examined in a case-control study of 10,223 individuals (ESM Table 1 ) or with BMI in 5,761 treatmentnaive people in the Inter99 Study (Table 7) . However, in the total group of 17,557 individuals, carriers of the minor G allele of GCG rs7581952 had lower values of BMI, body weight and waist circumference as compared with T allele carriers when analysed applying a dominant and additive genetic model (Table 5 ). In an attempt to replicate these observations, rs7581952 was analysed using GIANT metaanalysis data [21] . rs7581952 was not significantly associated with decreased BMI when analysed with an additive model in 100,734 individuals (change in BMI per additional G allele −0.03 kg/m 2 (SE 0.02), p=0.2; GIANT consortium). The variant failed a cohort-specific quality check in DIAGRAM.
GCG Trp169Ter was initially identified in heterozygous form in one person from the study population for mutation detection in study group 4: onset of diabetes before the age of 40 years and with a family history of diabetes ( Table 1) . The family members of the carrier were genotyped for the variant. No co-segregation of the variant with diabetes or with measures of obesity was observed (ESM Fig. 2) .
Furthermore, subsequently the variant was genotyped in the large Danish sample of 17,584 people and was found in one glucose-tolerant person (age 48 years, BMI 29.4 kg/m 2 ) with a distant family history of diabetes (the grandmother on the father's side and three of the father's ten siblings had diabetes); however, no DNA was available from the family members.
Discussion
The outcome of the present study of variation in an obvious biological candidate gene, GCG, known to be involved in multiple steps of metabolism, suggests that homozygous carriers of the G allele of the low frequency GCG variant, rs4664447, exhibit several altered metabolic traits. Thus, homozygous carriers have ∼50% of the serum insulin levels in the fasting state and following an oral glucose challenge, and lower fasting plasma glucose and height as compared with A allele carriers. The intronic rs4664447 is located in the binding site of the splice enhancer serine/arginine-rich splicing factor 1 isoform 2 (SF2/ASF), which interacts with the spliceosome and ensures the accuracy of splicing. Based upon in silico estimation, the variant is predicted to disrupt this essential binding site, and is estimated to have high functionality (risk 4 on a scale of 0-5). Furthermore, the A allele is conserved among species and the variant is positioned in a conserved region. We hypothesised that the variant decreases the expression of GCG as a result of splicing errors, resulting in low circulating glucagon and GLP-1 levels. Therefore, we re-invited the homozygous carriers of this variant and matched control individuals for an additional OGTT and a combined glucose and arginine stimulation test. The new investigations took place 10 years after the first OGTT in these volunteers. Indeed, we found that homozygous carriers of the rare G allele of rs4664447 had approximately half the fasting and stimulated circulating levels of GLP-1, glucagon and insulin compared with matched wild-type carriers. The GG carriers had increased insulin sensitivity as calculated by HOMA-IR and Matsuda's index, respectively, while the disposition index was similar between the genotype groups. Thus, although GG carriers had severely decreased fasting and stimulated serum insulin levels, the insulin response was adequate for the level of insulin sensitivity, indicating a normal beta cell function with retained capacity to adapt to changes in insulin sensitivity. This interpretation of data also corresponds with the lack of an association of the variant with type 2 diabetes. Rather, the low serum insulin levels in the homozygous carriers may be viewed as a compensatory mechanism resulting from the low levels of glucagon. Indeed, it has been shown that endogenously released glucagon may determine the cAMP production in beta cells Fig. 3 Fully processed plasma glucagon and serum insulin levels during a glucose-dependent arginine stimulation test. a Fully processed plasma glucagon levels, p AUC =0.0004. b Serum insulin levels, p AUC =0.007. Black circles: mutation carriers (rs4664447 GG), n=3; white squares: non-mutation carriers (rs4664447 AA) who are BMI, age and sex matched controls (wild-types), n=9. The blood glucose was stabilised and maintained at 14 and 25 mmol/l for 45 min prior to and 30 min after arginine injection (arrow). Blood samples were drawn at −15, −10, −5, +2, +4, +6, +10, +15, and +30 min relative to arginine injection. There was a 2.5 h resting period without glucose infusion in between the clamps at 14 and 25 mmol/l glucose and thereby the insulin secretion [22] . The low fasting plasma glucose can also directly be explained by the decreased circulating glucagon levels causing decreased glycogenolysis and gluconeogenesis. In agreement with this concept, the GCG knockout mouse manifests with lower blood glucose and lower serum insulin levels, as well as higher insulin sensitivity, compared with wild-type mice [23] . The lower height among homozygous carriers compared with wild-type carriers may be due to the low serum insulin levels with reduced anabolic effects of insulin, probably starting in the fetus. It should be noted that the potential functionality of the intronic rs4664447 is predicted based on bioinformatics analysis and in vivo physiological associations. Obviously, future studies should attempt to validate The phenotype of carriers of the G allele of GCG rs7581952 was characterised by lower BMI, body weight, and waist circumference as compared with T allele carriers. The BMI was decreased by 1.4 BMI units for GG allele carriers compared with TT allele carriers in 17,557 Danes. We attempted to replicate the findings of decreased BMI for GG carriers. However, in the GIANT meta-analysis there was no significant additive decreased BMI for G allele carriers. Thus, we conclude that our initial findings are spurious.
The Trp169Ter variant did not co-segregate with measures of obesity or diabetes although the mutation causes a transcriptional termination of nine amino acids from the Cterminal end of GLP-2. This will properly disrupt the action of the peptide. As the mutation was found in the heterozygous form only and no obvious phenotype was seen, one normal allele may be sufficient for synthesis of adequate amounts of GLP-2 to obtain its normal physiological function.
We did not find any presumably functional GCG mutation that co-segregated with early-onset nonautoimmune diabetes or early-onset obesity, suggesting that the GCG variants discovered may not be involved in the pathogenesis of monogenic forms of diabetes or obesity. This indicates that genetic variation in GCG will have no major impact on clinical practice.
Our study has limitations. One is that the variants that were chosen for the large-scale association studies were selected based on in silico information in combination with phenotypes of carriers, which leaves the possibility that non-selected variants also associate with metabolic traits.
Second, even though the statistical power to detect the large differences in circulating insulin, GLP-1 and glucagon levels between GCG rs4664447 variant carriers was above 80%, it was only possible to perform the OGTT and hyperglycaemic arginine stimulation studies in three GG carriers compared with nine AA carriers. This illustrates the difficulties of providing proof of concept of functionality of recessive-acting low frequency variants.
Furthermore, when Bonferroni correction for multiple testing was applied, only p values of 0.001 or less were considered significant. Thus, these suggestive results need to be replicated in independent large-scale studies, where it is possible to apply recessive models on directly genotyped data. At present the relevant GWAS meta-analysis data are not suitable for replication of low frequency variants analysed for recessive models.
In conclusion, if replicated, the present biological candidate gene study in Danish individuals suggests that homozygous minor allele carriers of the low frequency GCG rs4664447 variant have significantly decreased fasting and stimulated circulating levels of insulin, glucagon and GLP-1. Overall, our findings suggest that variation in GCG has no major impact on carbohydrate metabolism in the study populations examined.
